A Novel Carbon Monoxide-Releasing Molecule Fully Protects Mice from Severe Malaria
M alaria remains a devastating global health problem, resulting in up to 800,000 annual deaths (29, 34, 39, 46) . Plasmodium falciparum causes the most severe forms of malaria infection, such as cerebral malaria (CM) and acute lung injury (ALI) (41) . The case-fatality rate in severe malaria treated with either artemisinin or quinine derivatives remains unacceptably high; CM is among the deadliest syndromes, with 13 to 21% mortality, even after antimalarial treatment (19) . In an effort to reduce malaria-related mortality, numerous adjunctive/adjuvant therapies complementing treatment to an antimalarial therapy have been suggested and tested (21) . However, to date, there is still no effective adjunctive/ adjuvant therapy for severe malaria.
Animal models have been an indispensable tool for malaria immunopathogenesis research, drug testing, and vaccine development. Various mouse-parasite combinations can lead to different malaria-associated syndromes. In particular, P. berghei ANKA strain can induce in rodents distinct malaria pathologies, such as cerebral malaria and acute lung injury (11, 32) . The relevance of these models to understanding of human malaria has been questioned due to some differences in clinical features between human and mouse severe malaria, particularly in cerebral malaria. While these models individually may not reflect all the features of specific syndromes, globally they have been crucial to understanding the pathogenesis of severe malaria (13, 23) .
Using the P. berghei ANKA cerebral malaria model, we have shown that heme oxygenase-1 (HO-1) is a key protective gene against the development of CM in mice. Moreover, inhalation of carbon monoxide (CO), one of the end products of HO-1 activity, fully prevented CM and malaria-associated ALI (M-AALI) incidence in C57BL/6 mice (11, 32) . Research conducted in other experimental models has further shown that HO-1/CO display cytoprotective and anti-inflammatory properties that are beneficial for the resolution of acute inflammation (17, 24) .
CO holds great promise as a therapeutic agent (28, 36) . However, the safety and practicability of the application of CO gas in the clinic remain questionable due to its toxicity and the need for highly controlled medical facilities. Thus, CO-releasing molecules (CO-RMs) have been put forward as a valid alternative to CO gas (reviewed in references 28 and 36) . Among the early-developed and still widely used CO-RMs in experimental models are the lipid-soluble CORM-2 [Ru(CO) 3 Cl 2 ] 2 and the water-soluble CORM-3 [Ru(CO) 3 Cl 2 (H 2 NCH 2 CO) 2 ] models. Neither CORM-2 nor CORM-3 elevates carboxyhemoglobin (COHb) levels in blood after in vivo administration (9) . Most importantly, substantial protective effects similar to those observed for CO inhalation have been reported using these CO-RMs in various experimental models of disease, such as bacterial infection, vascular dysfunction, and thermal and ischemiareperfusion injury (1, 9, 22) . These CO-RMs lack some key drug-like properties, including adequate solubility, stability, and tissue distribution after administration, but serve as a proof of concept and offer a safer and more efficient modality to deliver CO than CO gas administration.
Building upon this knowledge, we report the design and synthesis of a novel CO-RM (ALF492) that displays improved water solubility, is able to transfer CO to heme proteins, does not induce the formation of measurable levels of COHb, and distributes in vivo with a significant affinity for the liver. The bioactivity and key therapeutic features of ALF492 are shown in two distinct models of severe malaria. Importantly, our data show the use of this compound as a promising adjunctive/adjuvant therapy during the acute phase of cerebral malaria.
MATERIALS AND METHODS
Reagents. For the in vivo studies, artesunate (AS) was obtained from SigmaAldrich. CORM-3, fac-Ru(CO) 3 Cl(NH 2 CH 2 COO) or fac-Ru(CO) 3 Cl (glycinate), was synthesized as described previously (9) , and ALF466 [tetrakis(dimethyl sulfoxide)dichlororuthenium(II)] and tricarbonyldichlororuthenium(II) dimer (CORM-2) were purchased from Strem Chemicals, Inc., and Sigma-Aldrich, respectively. ␤-D-Thiogalactopyranoside was purchased from Carbosynth. Hen egg white lysozyme C (HEWL) (7) (Protein Data Bank accession number 3b6l; UniProtKB/Swiss-Prot database accession number P00698; calculated average isotopic mass ϭ 1,4305.1 [43] ) was used as a model protein for the interaction with Ru(CO) 3 Cl 2 (Gal-S-Me) (where Gal-S-Me is methylthiogalactopyranoside) and CORM-3.
Synthesis of tricarbonyldichloro(thiogalactopyranoside)ruthenium(II) (ALF492). Tricarbonyldichlororuthenium(II) dimer (0.52 g, 1.02 mmol) was dissolved in anhydrous methanol (30 ml) and transferred via cannula to a solution of ␤-D-thiogalactopyranoside (0.42 g, 2.04 mmol) in anhydrous methanol (30 ml Parasites, infection, and disease assessment. We used infected red blood cells (RBCs) with green fluorescent protein (GFP)-transgenic P. berghei ANKA (14) and P. berghei ANKA to infect mice. Cryopreserved parasites were passed once through C57BL/6 or DBA-2 mice, before being used to infect experimental animals. We infected 6-to 8-week-old C57BL/6 or DBA-2 mice (sex matched in each experiment) by intraperitoneal (i.p.) injection of 10 6 infected RBCs. We monitored the infected mice daily for clinical symptoms of experimental cerebral malaria (ECM), including hemi-or paraplegia, head deviation, tendency to roll over on stimulation, ataxia and convulsions, and ALI, including dyspnea. Mice showing severe signs of ECM at day 5, 6, or 7 postinfection (p.i.) and ALI between days 7 and 9 were sacrificed. Parasitemia was assessed by flow cytometry, using tail blood, for mice infected with GFP-expressing P. berghei ANKA as previously described (32) . Mean parasitemia is expressed as the percentage of infected red blood cells. For mice infected with non-GFP-expressing P. berghei, parasitemia was assessed daily by microscopic counting of Giemsa-stained thin blood smears. Mean parasitemia is expressed as the percentage of infected red blood cells. Survival is expressed as a percentage.
Experimental cerebral malaria clinical assessment. In order to evaluate the clinical presentation of experimental cerebral malaria, we used a classification of clinical stages from 0 to 4 (6, 15 In vivo treatments. ALF466 and ALF492 were solubilized in phosphate-buffered saline (PBS; 1ϫ). The concentration of ALF492 used in this study was based on previous reports of studies done with CORM-2 (8, 9), optimized to our experimental models and considering the different chemical structures of these compounds. The concentration used for ALF492 was 36.7 mg/kg of body weight, administered intravenously (i.v.). ALF466 was given at an equimolar concentration of ALF492. As a vehicle control, we used a solution of PBS administered i.v. Artesunate is presented as a powder of artesunic acid. AS solution was prepared by dissolving 60 mg of anhydrous artesunic acid in 1 ml of sodium bicarbonate (5%) to form sodium artesunate, which was then diluted in 5 ml of NaCl (0.9%). We administrated the AS solution (i.p.) at 40 mg/kg/day, as described previously (6) . We started AS treatment when the infected nontreated mice presented clinical stage 1 for experimental cerebral malaria.
Quantification of COHb in peripheral blood. Blood was collected from the tail of the mice, placed into capillary tubes (VWR) with heparin (100 IU/ml in PBS, 1ϫ; LEO Pharma Inc.), and transferred into AVOXimeter 4000 cuvettes (ITC), where the levels of COHb, oxyhemoglobin (O 2 Hb), and methemoglobin (MetHb) were measured in a portable AVOXimeter 4000 CO oximeter (ITC). Results are shown as the mean percentage of total hemoglobin species in circulation.
Determination of CO in tissues. We quantified CO in different tissues as previously described (45) . Briefly, CO was liberated as gas in a closed vial by adding 25 l of water and 5 l of sulfosalicylic acid (SSA; 30% [wt/vol]) to 30 l of diluted sample, after being homogenized. The vials were incubated on ice for at least 10 min before being analyzed. The gas in the headspace of the vials was analyzed quantitatively with a gas chromatograph (GC) equipped with a reducing-compound photometry (RCP) detector (Peak Laboratories, Mountain View, CA), which allows the CO in gas to be quantified to concentrations as low as 1 to 2 ppb. The amount of CO was calculated using a calibration curve prepared from CO standards.
Quantification of Ru in tissues. After they were weighed, the tissue samples were dried at 80°C overnight and then for more than 2 h at 120°C. The dried tissues were then digested by the addition of 2 ml of tetraethylammonium hydroxide solution (20% [wt/wt] in water; Sigma-Aldrich, St. Louis, MO) for 24 h. After complete tissue digestion, 1 ml of water was added. The Ru content was analyzed by an inductively coupled plasmaatomic emission spectrometer (ICP-AES; model Ultima; Horiba Jobin Yvon, Longjumeau, France) using an external Ru standard method.
BBB permeability. We assessed the blood-brain barrier (BBB) permeability using Evan's blue (EB) dye as described before (40) . Briefly, mice were injected i.v. with 0.2 ml of PBS (1ϫ)-2% EB (Sigma) when clinical symptoms of ECM were observed in mice treated with dimethyl sulfoxide vehicle solution. Mice were killed 1 h after EB injection and perfused with 20 ml of PBS (1ϫ), and the brains were weighed and placed in 2 ml formamide (Merck) for 24 h at 37°C to extract EB dye from the tissue. Absorbance was measured at a of 620 nm (EB absorbance) in a DU 70 spectrophotometer (Beckman). The concentration was calculated using a standard curve of EB dye. The data are expressed as mg of Evans blue per g of brain tissue.
Histology. For evaluation of histological features, when infected control mice presented signs of ECM or ALI, the mice were deeply anesthetized until cessation of breathing. Livers, lungs, and brains were removed and fixed in 10% buffered formalin for 24 to 72 h. Four-micrometer sections were cut from paraffin-embedded tissues and stained with hematoxylin and eosin according to standard procedures. Histological analyses were performed on a Leica DM 2500 microscope (Leica Microsystems).
VEGF protein level determination. Mouse vascular endothelial growth factor (VEGF) in plasma samples was determined using a commercial enzyme-linked immunosorbent assay kit (R&D Systems) follow-ing the manufacturer's instructions. The P. berghei ANKA-infected DBA-2 mice were clinically classified after determining the cause of death.
Quantitative real-time RT-PCR. Mice were sacrificed, when infected control mice presented signs of ECM, and perfused intracardially with PBS to remove circulating RBCs and leukocytes from the organs. RNA was isolated from brains, livers, and lungs using the TRIzol reagent (Invitrogen, Life Technologies), according to the manufacturer's recommendation. The synthesis of the first-strand cDNA from the RNA templates was carried out using a Transcriptor first-strand cDNA synthesis kit (Roche). Reverse transcription PCRs (RT-PCRs) were performed in the presence of SYBR green (SYBR green PCR master mix; Applied Biosystems) on an ABI Prism 7500Fast apparatus (Applied Biosystems). The indicated oligonucleotides were used for the specific amplification of the genes for hypoxanthine phosphoribosyltransferase (HPRT; 5=-GTTGGATACAGGCCA GACTTTGTTG-3= Assessment of antimalarial activity in vitro. Quantitative assessment of the in vitro antimalarial activity of ALF466 and ALF492 was performed on P. berghei ANKA expressing GFP and P. falciparum 3D7 parasites, as previously described (38) . Briefly, the drugs were dispensed in duplicate into a 96-well plate with a series of 5-fold dilutions, with the highest concentration being the one used in vivo (1.25 mM). Chloroquine (CQ) and PBS were used as background and baseline controls. The parasite suspension was added to the plates and then incubated at 37°C for 24 h or 48 h. P. berghei ANKA parasites expressing GFP were collected from infected mice (1 to 3% parasitemia). The infected blood was washed in culture medium (RPMI 1640 medium containing L-glutamine supplemented with 25% [vol/vol] fetal bovine serum, 25 mM HEPES, 0.05 mg/ml gentamicin) and added to the plates at a 1% final hematocrit. The plates were incubated for 24 h at 37°C and examined by flow cytometry (laser, 488 nm; FACSCalibur flow cytometer) and microscopy after Giemsa staining. Cultures of P. falciparum 3D7 parasites (in RPMI 1640 medium containing L-glutamine supplemented with 0.5% [wt/vol] Albu-MAX II lipid-rich bovine serum albumin, 25 mM HEPES, 0.05 mg/ml gentamicin) were added to the plates at 0.5% final parasitemia and 4% final hematocrit. The plates were incubated for 48 h at 37°C and stored at Ϫ20°C. After thawing at room temperature, the detection reagent, consisting of SYBR green in lysis buffer (Tris HCl, EDTA, saponin, and Triton), was dispensed into the assay plates, and the plates were incubated for 1 h at 37°C and examined at 485 nm of excitation and 530 nm of emission with a gain setting equal to 100 using a fluorescence plate reader (Tecan).
Statistical analysis. For samples in which n was Ն5, statistical analyses were performed using the unpaired Student's t test, and when n was Ͻ5, statistical analyses were performed using the Mann-Whitney U test. Survival curves were compared using the log-rank test and the GehanBreslow-Wilcoxon test. A P value of Ͻ0.05 was considered significant.
RESULTS
A novel CO-releasing molecule (ALF492) protects mice from ECM without COHb formation. We designed and synthesized a novel water-soluble CO-RM, tricarbonyldichloro(methylthiogalactopyranoside)Ru(II) [Ru(CO) 3 Cl 2 (Gal-S-Me); ALF492], through the reaction of CORM-2 with Gal-S-Me (see the supplemental material) (Fig. 1a) . This Ru tricarbonyl complex features a galactose (Gal)-derived ligand coordinated to the Ru center via a thioether linkage to enhance water solubility and biocompatibility (5, 16, 25, 47) . The presence of the Gal ligand may also confer a certain degree of specificity by targeting asialoglycoprotein receptors in the liver (5, 23, 45) .
The biodistribution of ALF492 in tissues was assessed by quantifying the levels of Ru and CO (45) in the host. Liver, kidney, spleen, lung, and brain tissues of noninfected (NI) mice treated for 2 days with ALF492 and ALF466 twice daily were analyzed 1 h after the last administration (Fig. 1b and c) . In ALF492-treated mice, Ru could be detected in all organs analyzed and had a marked affinity for the liver (Fig. 1b) . In fact, the concentration of Ru measured in the liver of ALF492-treated mice was approximately 7.0 Ϯ 0.3 times higher than that measured in the liver of ALF466-treated mice (P Ͻ 0.05) (Fig. 1b) . The brain was the organ where the levels of Ru were lower (401.8 Ϯ 17.3 times less than in the liver), suggesting a low potential for neurotoxicity (Fig. 1b) . The levels of Ru in ALF492-treated mice were significantly higher than those in ALF466-treated mice for all the organs analyzed (P Ͻ 0.05) (Fig. 1b) , implying a lower rate of excretion of ALF492 or its Ru-containing metabolites. In addition, the measured levels of CO for ALF466-and ALF492-treated mice were found to be significantly different in the liver and spleen, which showed the highest levels of CO (P Ͻ 0.05) (Fig. 1c) .
To assess the reactivity of ALF492 in the presence of proteins, we used the hen egg white lysozyme (HEWL) as a model protein (35) . We foresaw that ALF492 could react with serum proteins in a similar manner as previously observed for CORM-3 (36) and form adducts from which CO may then be released and exert its protective effects. Indeed, ALF492 in the presence of HEWL forms protein-Ru(II)(CO) 2 adducts but reacts slower than CORM-3 (36) (see the supplemental material). We then evaluated the CO donation capacity of ALF492 by a deoxy-myoglobin (Mb) carbonylation assay (9) . We observed that ALF492 transfers approximately 1 equivalent of CO to Mb after 15 min of incubation with deoxy-Mb, as seen for Ru tricarbonyl CORM-3 (see the supplemental material). Altogether, these data demonstrate that ALF492 is capable of transferring CO to the heme of Mb, reacts with proteins to form protein-Ru(II)(CO) 2 adducts, and preferably distributes to the liver.
We next evaluated the potential therapeutic effect of ALF492 in ECM. To this end, we treated P. berghei ANKA-infected C57BL/6 mice twice daily on days 2 and 3 after infection with ALF492. ALF492 treatment protected 100% of P. berghei ANKA-infected C57BL/6 mice from developing ECM, in contrast to infected control and ALF466-treated mice, which died with ECM symptoms between days 6 and 8 after infection (P Ͻ 0.0001) (Fig. 1d) . A small but significant arrest in parasitemia in ALF492-treated mice was also observed between days 5 and 7 after infection (P Ͻ 0.01) (Fig. 1e) . This led us to investigate whether ALF492 could have a direct antiparasitic effect on P. berghei ANKA and P. falciparum parasites. To this end, we monitored the effect of ALF492 and the antimalarial CQ on the in vitro replication of the P. falciparum 3D7 isolate and P. berghei ANKA for 48 h and 24 h. ALF492 showed 50% inhibitory concentrations (IC 50 s) remarkably higher than those of CQ: approximately 5,600-and 350-fold higher in P. falciparum 3D7 and P. berghei ANKA parasites, respectively (see Fig. S1A and B in the supplemental material). The IC 50 for ALF466 was not determined due to the absence of an inhibitory effect over the range of concentrations tested. Altogether, these results show Results are shown as the mean concentration Ϯ standard error of the mean (n ϭ 3 to 5 animals per group). (d and e) Effect of ALF492 on survival (d) and parasitemia (e) of C57BL/6 mice infected with P. berghei ANKA expressing GFP. Treatment with ALF466 and ALF492 between day 2 and day 3 after infection (2 times/day). Control, n ϭ 10; ALF466, n ϭ 10; and ALF492, n ϭ 10. Parasitemias are shown as the mean Ϯ standard error of the mean. The shaded area indicates the time period of ALF466 and ALF492 administration. Data are representative of 3 independent experiments. (f) COHb measurement in whole blood of NI mice, P. berghei ANKA-infected C57BL/6 mice (control), and mice treated with ALF466, ALF492, and CO (250 ppm, 24 h) at day 3 after infection. NI mice, n ϭ 6; control mice, n ϭ 4; ALF466-treated mice, n ϭ 4; ALF492-treated mice, n ϭ 4; and CO-treated mice, n ϭ 4. Error bars represent the standard error of the mean. (g and h) ALF492 induces the expression of HO-1 in the liver (g) and brain (h) of P. berghei ANKA-infected C57BL/6 mice at day 3 after infection, the last day of treatment with ALF466 and ALF492. HO-1 mRNA was quantified by quantitative RT-PCR. Hmox-1, heme oxygenase (decycling) 1. NI mice, n ϭ 4 to 6; infected and ALF466-treated mice, n ϭ 4; and infected and ALF492-treated mice, n ϭ 3 to 5.
that the therapeutic administration of ALF492, while not having an antiparasitic effect, has a significant impact on the overall outcome of the infection (Fig. 1d) . CO inhalation at a dose necessary to obtain similar protective effects for ECM (250 ppm for 24 h, starting at day 2 after infection) induced 30.3% Ϯ 2% COHb formation (P Ͻ 0.05), which is an unacceptably high level for humans. Remarkably, ALF492 fully protected mice against ECM without causing a measurable increase in COHb levels in the blood. The COHb levels in ALF492-treated mice were similar to those observed for NI, infected control, and ALF466-treated mice (Fig. 1f) . Moreover, treatment with ALF492 per se does not increase hepatotoxicity or oxidative stress, as levels of alanine aminotransferase and glutathione were comparable to those of the infected controls (data not shown).
Taken together, these data demonstrate that ALF492 fully protects mice from ECM onset without affecting oxygen transport by hemoglobin, thereby overcoming the main adverse effect of CO gas therapy.
ALF492 induces expression of HO-1. In a previous report, we have shown that HO-1 induction reduced CM incidence in P. berghei ANKA-infected C57BL/6 mice (32). ALF492 distributes preferentially to the liver, which is considered a mediator of systemic and local innate immunity and has been implicated in the regulation of genes that contribute to the control of inflammation, such as HO-1 (31). We asked whether ALF492 could modulate the expression of HO-1 and thus contribute to the observed protection against ECM. Expression of HO-1 mRNA was significantly upregulated in the livers of P. berghei ANKA-infected ALF492-treated C57BL/6 mice compared to noninfected and infected ALF466-treated mice (11.1 Ϯ 2.3-fold and 5.7 Ϯ 1.2-fold, respectively; P Ͻ 0.05) (Fig. 1g) . Moreover, the expression of HO-1 mRNA in the brains of infected ALF492-treated mice at day 3 after infection was not significantly different from that in the brains of noninfected and infected ALF466-treated mice (Fig. 1h) . These results show that treatment with ALF492 induced the upregulation of HO-1 expression in the livers of infected mice, thus contributing to the control of the systemic inflammatory response of the host to P. berghei ANKA infection.
ALF492 prevents BBB disruption and neuroinflammation. BBB disruption is a hallmark of ECM (40) and has been reported in human CM (26, 40) . P. berghei ANKA-infected nontreated and ALF466-treated C57BL/6 mice showed BBB disruption ( Fig. 2a; see Fig. S2 in the supplemental material), as measured by Evans blue accumulation in brain parenchyma, i.e., 4.3-and 6.7-fold increases, respectively, compared to NI mice (P Ͻ 0.01). ALF492-treated mice did not show any evidence of BBB disruption, as the levels of Evans blue accumulation were similar to those in NI mice ( Fig. 2a; see Fig. S2 in the supplemental material) . Inhibition of BBB disruption is known to contribute to the suppression of ECM development (12, 40) . Furthermore, several reports have unequivocally demonstrated that the development of ECM in P. berghei ANKA-infected mice is dependent on the recruitment of T cells, mainly CD8 ϩ T cells (3, 4) . More recently, it was shown that accumulation of CD8 ϩ T cells in the brain is not sufficient for the development of ECM in C57BL/6 mice, but the concomitant presence of parasitized red blood cells (pRBCs) is necessary for the pathology onset (2) . Both pRBC accumulation and CD8-␤-chain mRNA expression in the brain were significantly lower in ALF492-treated mice than ALF466-treated mice, which showed clear signs of CM (P Ͻ 0.01) (Fig. 2b and c) . During ECM, proinflammatory cytokines, such as IFN-␥, and adhesion molecules, such as ICAM-1, are upregulated and play a decisive role in the pathogenesis of ECM (10, 12, 33) . Importantly, treatment with ALF492 reduced IFN-␥ mRNA expression compared to that in infected ALF466-treated mice (P Ͻ 0.01) (Fig. 2d) and decreased ICAM-1 expression 2-fold (P Ͻ 0.01, ALF492-treated versus ALF466-treated mice), when assessed at day 6 after infection (Fig. 2e) .
ALF492 treatment also prevented the neuropathologic features associated with ECM (2, 3, 30) . Brains from infected and ALF466-treated P. berghei ANKA-infected mice showed evidence of microvascular congestion with pRBCs and leukocytes and hemorrhagic foci. In contrast, ALF492-treated infected mice showed less hemorrhage, and the vessels had lower levels of accumulation of pRBCs and leukocytes (Fig. 2f to i) . Overall, these results show that ALF492 treatment prevents BBB permeability and decreases congestion, hemorrhage, and neuroinflammation in the brains of infected mice.
ALF492 protects mice from developing malaria-associated ALI. We evaluated the protective effect of ALF492 in a model of malaria-associated acute lung injury (M-AALI) (11) . The M-AALI model, based on the infection of DBA-2 mice with P. berghei ANKA, is characterized by dyspnea, airway obstruction, hypoxemia, pulmonary exudate, and elevated VEGF levels in plasma, followed by death between days 7 and 12 after infection (11). None of P. berghei ANKA-infected DBA-2 mice treated twice daily with ALF492 between days 2 and 4 after infection developed M-AALI. In the control groups of nontreated and ALF466-treated infected mice, 83% and 67% of the mice, respectively, died, displaying M-AALI symptoms such as dyspnea, respiratory insufficiency (as first symptoms) (Fig. 3a) , and pulmonary exudate when they were analyzed postmortem. Moreover, VEGF levels were significantly lower in infected mice treated with ALF492 (P Ͻ 0.001; Fig. 3b) (11) . Histological examination of lung tissue from infected and untreated mice and infected and ALF466-and ALF492-treated mice showed significant differences in vascular congestion with pRBCs ( Fig. 3c to e) . In sum, our data show that treatment with ALF492 significantly improves the infection outcome in the M-AALI model. The data presented above show that treatment with ALF492 protects P. berghei ANKA-infected mice from death caused by ECM and M-AALI when administered before symptoms of disease were observed. However, to be clinically relevant for humans, ALF492 should show therapeutic activity after the onset of disease, either alone or in combination with antimalarial drugs. Thus, we decided to test ALF492 as an adjunctive and adjuvant therapy during the acute phase of ECM. Artesunate (AS) is the primary treatment in severe malaria, is generally effective in controlling P. falciparum parasitemia, and has previously been used to treat P. berghei ANKA-infected mice (6, 37, 44) . Therefore, we assessed the effect of the combination of ALF492 and AS on parasite clearance and clinical recovery from ECM. We tested two AS and ALF492 combinations after the onset of CM on day 5 after infection: (i) adjunctive therapy, in which AS and ALF492 were administered at the same time for 2 days (day 5 [d5] and d6 after infection), followed by a 3-day treatment (d7 to d9 after infection) with just ALF492, or (ii) adjuvant therapy, in which AS was administered alone on the first 2 days (d5 and d6 after infection), followed by ALF492 administration for 3 more days (d7 to d9 after infection). We started the AS treatment when the infected mice (con-trol) showed the initial stage of ECM (ECM score, 1) (Fig. 4c) . All infected nontreated mice died of ECM by day 6 after infection ( Fig. 4a and c) . The effect of antimalarial treatment with AS alone was shown by the decrease of parasitemia from 6.8% Ϯ 0.3% to 0.59% Ϯ 0.06% (at days 5 and 9 postinfection, respectively). AS treatment alone delayed, but in most cases did not prevent, death by CM (Fig. 4b and c) . Nine out of 11 (82%) AS-treated mice died with ECM between days 12 and 13 after infection (Fig. 4a) . Mice treated simultaneously with AS and ALF492 under the adjunctive protocol showed a significant increase in survival (83%) com- ICAM-1 (e) mRNA expression were quantified by qRT-PCR. NI mice, n ϭ 4; infected and ALF466-treated mice, n ϭ 4; and infected and ALF492-treated mice, n ϭ 5. Evans blue quantification is shown as the mean g of EB per g of brain tissue Ϯ standard error of the mean. NI mice, n ϭ 4; ALF466-treated mice, n ϭ 5; and ALF492-treated mice, n ϭ 5. NI mice, infected and ALF466-treated mice, and ALF492-treated mice were sacrificed when the control group, ALF466-treated mice, showed signs of ECM, and brains were harvested after intracardiac perfusion. (f to i) Semiquantification of histological findings in hematoxylin and eosin-stained brain sections analyzed at the same time that the data for panels a to e were analyzed, using a blinded score system. Dot plots compare the number of animals assigned severity scores from 1 (less severe) to 3 (most severe) in infected, infected and ALF466-treated, and ALF92-treated mice. Images are representative of 3 to 8 mice. Bar, 100 m.
pared with the AS-treated group (18%) (P Ͻ 0.01) (Fig. 4a) . The infected group treated with the AS and ALF492 combination under the adjuvant protocol showed an improved survival from ECM of 67% (P Ͻ 0.01 versus AS-treated mice) (Fig. 4a) . Since no antimalarial agents were administered after day 7, mice that did not have ECM still developed hyperparasitemia and anemia (Ͼ30% parasitemia) and were sacrificed 3 weeks after infection (Fig. 4a) . During the administration of AS, between days 5 and 6, ALF492 did not interfere with the action of AS in vivo (Fig. 4b) . These results show that this combination therapy (AS-ALF492) used as an adjunctive/adjuvant therapy after the onset of ECM can significantly improve survival compared to that for AS-treated mice.
DISCUSSION
We have previously shown that administration by inhalation of the potent anti-inflammatory molecule CO suppresses the pathogenesis of CM and M-AALI in mice (11, 30, 32) . In this study, we report the development of a novel, water-soluble, drug-like CO-RM, tricarbonyldichloro(thiogalactopyranoside)Ru(II) (ALF492), its protective effect on CM and M-AALI, and its effect as an adjunctive/adjuvant agent when used in combination with the antimalarial AS for the treatment of ECM.
By changing the nature of the ligand in the Ru core scaffold and metal-ligand linkage, we succeeded in synthesizing an alternative CO-RM, ALF492, which is water soluble and capable of transferring between day 2 and day 3 after infection (2 times/day). Infected mice, n ϭ 5; infected and ALF466-treated mice, n ϭ 9; infected and ALF492-treated mice, n ϭ 7. Parasitemias are shown as the mean Ϯ standard error of the mean. (b) Levels of VEGF protein in the plasma of P. berghei ANKA-infected DBA-2 mice with ALI symptoms, ALF466-treated mice, and ALF492-treated mice compared to NI mice. NI mice, n ϭ 3, infected mice with ALI, n ϭ 3; infected and ALF466-treated mice, n ϭ 5; and infected and ALF492-treated mice, n ϭ 5. Results are shown as the mean concentration Ϯ standard error of the mean. (c to e) Semiquantification of the histological findings in hematoxylin and eosin-stained lung sections, analyzed at the same time that the data for panel b were analyzed, using a blinded score system. Dot plots show the number of infected (ALI), infected and ALF466-treated (ALI), and ALF492-treated mice assigned severity scores from 1 (less severe) to 3 (most severe). Images are representative of 4 to 6 mice. Bar, 100 m.
CO to heme proteins and protects mice from death caused by severe malaria. In contrast, the known water-soluble CORM-3 was less active and could protect only 50% of mice from ECM (data not shown). CO inhalation suppressed the pathogenesis of CM and M-AALI in mice but produced unacceptable levels of COHb (11, 32) . COHb is routinely used to assess CO toxicity in humans, and transient levels of 10% or less are considered safe (28) . In contrast, we showed that ALF492, at therapeutic concentrations, did not induce the formation of measurable levels of COHb while preserving the protective effects seen with inhaled CO (32) .
This work also provides evidence that ALF492 treatment in the ECM model induces the expression of HO-1. We have previously shown that the induction of HO-1 protected mice from developing ECM (32) . Additionally, in a model of chronic intestinal inflammation, it was shown that CO could ameliorate chronic murine colitis through an HO-1-dependent pathway (18) . Our data strongly suggest that HO-1 mediates a significant component of the anti-inflammatory action of ALF492 in ECM. ECM is characterized not only by an exacerbated parasite-mediated inflammatory response but also by pRBCs, unparasitized RBCs sequestered in the microvasculature of the brain, and coagulation and microcirculation dysfunction (42).
Despite the introduction of new antimalarial agents, such as artemisinin derivatives (e.g., artesunate), these drugs take at least 12 to 18 h to kill parasites (27) . Still, deaths from severe malaria may occur within the first 24 h after hospital admission (19) . Thus, administration of adjunctive therapies in the first 24 h is critical to reduce mortality. Children who survive the acute episode of CM often have long-term cognitive (ϳ25%) and neurological (1.1 to 4.4%) deficits (19, 41) . The use of adjunctive therapies that would reduce neurological injury may prove essential to reduce this burden. A series of adjunctive therapies such as anti-tumor necrosis factor alpha agents, iron chelators (such as desferrioxamine), and dichloroacetate (which stimulates pyruvate dehydrogenase and so reduces lactate) has been assessed in randomized clinical trials (reviewed in reference 21).
ALF492 is an effective adjunctive and adjuvant agent when used in combination with the antimalarial AS for the treatment of GFP, treated with AS (d5 to d6) (AS), AS (d5 to d6) and ALF492 (d5 to d9) (AS ϩ ALF492), or AS (d5 to d6) and ALF492 (d8 to d9) (AS ¡ ALF492) are shown. Survival was monitored over a 24-day period. Data are representative of 2 independent experiments. The treatment with AS started when the infected mice (control) showed a score of 1 (ruffled fur), the initial stage of ECM. Overall survival was significantly improved by ALF492 treatment (P Ͻ 0.01). Data represent the mean Ϯ standard error of the mean. (c) Each ECM clinical stage (no detectable symptoms, ruffled fur, ruffled fur and motor impairment, respiratory distress, and convulsions and/or coma) was given a score (0, 1, 2, 3, and 4). Mice were graphically ranked on the basis of symptoms presented after day 5 of infection.
ECM. Furthermore, treatment with ALF492 protected mice from M-AALI, decreasing significantly the levels of VEGF in the circulation. Therefore, we should not exclude the possibility that ALF492 may also be used as an adjunctive/adjuvant therapy in this pathology, since the only treatments shown to improve survival and reduce mortality for patients with ALI have been supportive care strategies (20) .
In summary, the present study discloses the anti-inflammatory and cytoprotective effects of a novel Ru tricarbonyl CO-RM in ECM and M-AALI models. This study highlights the therapeutic potential of ALF492 in targeting pharmacologically the expression of HO-1, which has been shown to play crucial cytoprotective, immunomodulatory, and anti-inflammatory roles. Our work clearly demonstrates that CO delivered from a Ru tricarbonyl water-soluble molecule can induce protection similar to that seen with CO gas therapy, but without its toxic effects (elevated COHb levels). Altogether, this work represents an important preclinical proof of principle for CO-RMs as a new class of drugs to treat severe forms of malaria. Thus, we should stress that transfer of knowledge on the cytoprotective role of ALF492 or other CO-RMs to a potential therapeutic application in human severe malaria should be made with the adequate cautions.
